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allelopathic potential. Soil microbes reduced allelopathic 
potential in bioassays by increasing germination 25–54% 
relative to sterile control soils in all four species. Plants 
grown with their own microbial communities had the low-
est allelopathic potential, suggesting that allelochemical 
production may be lessened when growing with microbes 
from conspecifics. The allelopathic potential of plants 
grown in congener and confamilial soils was indistinguish-
able from each other, indicating an equivalent response to 
all non-conspecific microbial communities within these 
closely related genera. Our results clearly demonstrated 
that soil microbial communities cause changes in leaf tis-
sue chemistry that altered their allelopathic properties. 
These findings represent a new mechanism of plant–soil 
feedbacks that may structure perennial plant communi-
ties over very small spatial scales that must be explored in 
much more detail.

Keywords Allelopathy · Asteraceae · Conditionality · Leaf 
chemistry · Soil feedbacks

Introduction

There is now compelling evidence that plant-soil microbe 
interactions can mediate plant performance to such an 
extent that they can shift the predominate form of com-
petition between interspecific and intraspecific (Pender-
gast et al. 2013). Studies have repeatedly demonstrated 
that plants can generate soil microbial communities that 
are highly species specific, even among species that com-
monly co-occur in the field (Buyer et al. 2002; Kourtev 
et al. 2002; Reynolds et al. 2003; Pendergast et al. 2013). 
Indeed, there is now little doubt that soil microbial commu-
nities are a dominant force in structuring the composition 
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and dynamics of plant communities (Bever 1994; Van Der 
Heijden et al. 2008; Bever et al. 2010; van der Putten et al. 
2013).

However, the effects of rhizosphere interactions on the 
physiological and chemical properties of plants and its 
impacts on plant–plant interactions remain unclear and 
poorly explored. Leaf chemistry is a key factor in many 
plant-herbivore, and potentially, plant–plant interactions. If 
soil microbes alter leaf tissue chemistry this will likely cas-
cade up to impact host choice and foraging behavior of her-
bivores, particularly phytophagous insects (Liu et al. 2007; 
Sikes 2010; Schittko and Wurst 2014; Kos et al. 2015a, 
b). Moreover, plant-soil microbe feedbacks that alter plant 
chemistry could also mediate plant–plant interactions via 
allelochemicals released into the soil (Rice 1974; Wardle 
et al. 1998; Inderjit et al. 2008, 2011). Because interactions 
with the soil microbial community can dramatically affect 
plant growth and chemistry (Bennett et al. 2009; Ade-
semoye et al. 2009; Jung et al. 2012; Vannette and Hunter 
2013), we hypothesize that soil microbes may potentially 
change the strength of plant–plant allelopathic interac-
tions. While the importance of soil microbes in mitigating 
the impacts of allelochemicals within the soil has received 
some attention (e.g., Lankau 2010; Cipollini et al. 2012; 
Shannon-Firestone and Firestone 2015), the potential for 
soil microbes to influence a plant’s production of allelo-
chemicals has not been evaluated. We argue that this feed-
back may be common because of the ubiquity of plant–soil 
feedbacks and because soil microbes are known to alter 
plant defensive chemistry (e.g., Badri et al. 2013; Giron 
et al. 2013).

Though species often vary in their response to allelo-
chemicals, allelopathy is typically treated as a binary plant 
characteristic rather than one that varies conditionally 
(Meiners et al. 2012). This all or nothing approach to alle-
lochemical production lacks context dependency whereby 
ecological interactions and abiotic conditions (e.g., nutri-
ent availability) alter the degree to which a given species 
is allelopathic. Nonetheless, a few studies have demon-
strated that the strength of allelopathic interactions varies 
with nutrient availability, herbivores, and competitors (e.g., 
Kong et al. 2002, 2004; Rivoal et al. 2011; Ladwig et al. 
2012). Studies evaluating the context dependency of allel-
opathy remain few and there appears to be a great potential 
for microbial communities to alter allelochemical produc-
tion on a very local scale.

Allelopathy may function directly by inhibiting plant 
growth (Rice 1974; Kong et al. 2004; Thorpe et al. 2009; 
Greer et al. 2014), or indirectly through altering the abun-
dance of soil mycorrhizal fungi or other microbial constitu-
ents (Roberts and Anderson 2005; Hale et al. 2011; Cipol-
lini et al. 2012; Wang et al. 2012). Accordingly, we expect 
allelochemicals to both respond to and generate important 

changes in soil microbial communities. In addition, vari-
ation in the composition of soil microbial communities 
among plant species can respond to phylogenetic distance, 
with more closely related plant species generating more 
similar soil microbial communities and having more simi-
lar responses to soil microbes (Anacker et al. 2014; Burns 
et al. 2015). Consequently, we also expect phylogenetic 
distance between plant species to influence the impacts of 
their microbial communities on allelochemical production, 
with microbial communities from more closely related spe-
cies producing similar effects on allelopathic potential.

To determine whether interactions with different soil 
microbial communities can generate strong conditionality 
in allelopathic interactions, we grew four old-field species 
from two genera in the Asteraceae in a suite of experimen-
tally cultured microbial communities (Pendergast et al. 
2013). This previous experiment demonstrated two central 
tenets of plant feedback theory: (1) plant species generate 
distinct soil microbial communities and (2) these differ-
ences in microbial communities alter plant performance 
sufficiently to change the nature of pairwise competitive 
interactions. Here, we used tissues from plants grown in 
distinct soil microbial communities to explore the poten-
tial for context dependency in allelopathy (Meiners et al. 
2012). We used HPLC characterization of leaf metabolites 
followed by a series of allelopathy bioassays to test the fol-
lowing hypotheses: (1) Soil microbial communities will 
alter leaf chemistry, and this effect will vary with micro-
bial community identity. (2) Soil microbial communities 
will influence the allelopathic potential of plants. (3) The 
degree of relatedness among plant species will influence 
the strength of their microbial communities’ impacts on 
allelopathic potential. This study represents a first attempt 
to integrate plant-soil microbial feedbacks into subsequent 
allelopathic interactions.

Materials and methods

Four native old-field herbs, Solidago canadensis, S. rugosa, 
Aster novae-angliae, and A. pilosus (synonymous with 
Symphyotrichum), were used in this experiment. The S. 
canadensis/altissima species complex dominates old-field 
communities for decades after abandonment throughout 
large portions of the northeastern and Midwestern United 
States and southern Canada (Werner et al. 1980; Banta 
et al. 2008; Pisula and Meiners 2010a). The other three 
focal species are less abundant, but commonly co-occur 
with S. canadensis throughout the same region (Myster and 
Pickett 1992; Banta et al. 2008). Solidago canadensis, is 
also invasive in Europe and Asia (Weber 1998; Abhilasha 
et al. 2008; Yuan et al. 2012), at least partly attributed to 
its allelopathic properties. The initial source of microbial 
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communities and leaf tissue samples used in our experi-
ments came from northwestern Pennsylvania, USA where 
Pendergast et al. (2013) evaluated how contrasting soil 
microbial communities caused differences in the perfor-
mance of our focal old-field species (for details on inocula 
preparation and experiment see Pendergast et al. 2013).

Experimental generation of soil microbial communities

To culture the soil microbes associated with each spe-
cies, greenhouse and field samples were used to generate a 
pooled inoculum. In the greenhouse, seedlings of each spe-
cies were grown in 20 cm × 15 cm pots filled with a 3:1 
ratio of homogenized soil from the upper 10 cm of an old-
field near the Pymatuning Laboratory of Ecology (PLE) 
mixed with autoclaved silica sand with no supplemental 
fertilization. After one year, soil was separated from plant 
biomass. This generated a soil community trained by an 
individual plant species (e.g., Bever 1994; Hausmann and 
Hawkes 2009). Perhaps more importantly, because cultures 
produced under greenhouse conditions likely lack critical 
components of the soil microbial community (Sýkorová 
et al. 2007), we also used inocula produced under field 
conditions using soil samples from 5-year old monocul-
tures of each focal species at PLE (Pendergast et al. 2013). 
Soil cores 20-cm deep were collected from these plots and 
stored at 4 °C until inoculum preparation (Bever 1994). 
Thus, our microbial communities likely represent a more 
complete complement of microbes than used in previous 
studies because they added a critical in situ component 
lacking in most previous studies.

Soil from both greenhouse and field monocultures were 
pooled at a 1:1 ratio to create a single inoculum for use in 
the experiment. The inoculum for each plant species was 
divided equally into two portions: one stored at 4 °C to use 
as live soil inoculum, and one autoclaved to use as sterile 
inoculum. Each live soil inoculum was composed of equal 
parts of each of the four soil communities, with all but 
one autoclaved. A sterile control composed of autoclaved 
soil from all four species was also generated. This inocu-
lum strategy minimizes the biotic variation among inocula, 
including the pulse of nutrients that is released with auto-
claving (Bever 1994). Genetic analyses of these inocula 
verified that there were strong differences in soil bacte-
ria and fungal community composition (Pendergast et al. 
2013).

Generation of plant material grown in association 
with different microbial communities

The goal of the original greenhouse experiment was to 
determine whether soil communities altered the perfor-
mance of each focal species (Pendergast et al. 2013). To 

do this, 30 cm diameter pots were filled with a mixture of 
autoclaved field soil and silica sand in a 3:1 ratio. Pooled 
field and greenhouse soil inocula (described above) from 
one plant species were mixed into the top 5 cm of each pot 
in a 1:16 ratio of inoculum to sterile soil/sand. The abun-
dance of autoclaved soil in both the inoculum and pot sub-
strate should further minimize abiotic differences among 
treatments. Four similarly sized (with 4.08 ± 0.03 leaves), 
sterile-reared seedlings of a focal species were planted in 
each pot. Each of the four species were grown in all five 
soil microbial communities (sterile and from each of the 
four focal species) and replicated seven times in a green-
house at PLE. After four months growth without supple-
mental fertilization, aboveground biomass was harvested 
and dried at 60 °C. The majority of plants were flowering 
at harvest (86–97% in each species), reducing the potential 
influence of developmental stage on plant chemistry (e.g., 
Filep et al. 2016). The exception was S. rugosa, where only 
36% of plants had flowered. The results of this experiment 
showed that plant performance depended on microbial 
community identity, with the microbial community of S. 
canadensis producing the greatest reduction of growth in 
both itself and the other species (Pendergast et al. 2013). 
Here, we used leaf tissues from these plants to determine 
the effects of the soil microbial community on plant chem-
istry and allelopathic potential using a series of bioassays 
and HPLC analysis. While drying leaf tissues may result in 
the breakdown of some leaf chemicals and the loss of some 
volatile compounds, the consistency of treatment should 
ensure comparability across microbial communities. Tis-
sues were stored dry until processing for leaf metabolites or 
allelopathic bioassays.

Chemical analyses

HPLC analysis was used to characterize leaf metabolites 
and determine whether soil microbial communities induced 
variation in the amount or type of chemicals produced. 
Metabolites were extracted using 1 mL of HPLC-grade 
methanol from 100 mg of leaf tissue that was ground to a 
fine powder with a pestle and liquid nitrogen. After cen-
trifugation, the supernatant was filtered through a 0.22-
µm filter and analyzed using a Hitachi Chromaster HPLC 
with a 5430 Diode Array detector. The mobile phase was a 
mixture of acetonitrile:water (v/v) at 20:80 from 0–5 min, 
a linear gradient of 20:80 to 95:5 from 5–45 min, 95:5 
from 45–55 min, a linear gradient of 95:5 to 20:80 for 
55–60 min, and 20:80 for 60–70 min. The flow rate was 
constant at 0.7 mL/min and the sample loading volume was 
10 µL. This analytical approach would detect more polar 
items such as aldehydes simple unsaturated lactones in the 
first few minutes of the run, though the resolution may be 
less clear. Non-polar chemicals should have been better 
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resolved than the polar chemicals and could include: aro-
matic acids, coumarins, quinones, flavonoids, tannins, alka-
loids, terpenoids, phenolics and polyacetylenes. This range 
of detection covers the range of allelopathically active 
compounds within the Asteraceae (Chon and Nelson 2010; 
Kim and Lee 2011, Uesugi and Kessler 2013).

Chromatographic peaks that were discernable from the 
baseline (>75 µV s) were integrated and aligned visually. 
Peaks that occurred in five or fewer individuals within a 
species across all microbial communities were omitted. For 
each focal species, a principal components analysis was 
performed based on a correlation matrix using PC-Ord 6 
(McCune and Grace 2002). Informative axes were deter-
mined by randomization tests, resulting in varying numbers 
of axes retained per species. PCA scores were then used in 
a one-way MANOVA comparing each inoculum treatment, 
followed by a series of univariate ANOVAS for each PCA 
axis to determine which axes were associated with micro-
bial community differences. These results were also used 
to select axes for biplots to illustrate changes in chemistry 
associated with microbial community identity. Univariate 
analyses of Solidago rugosa only identified one signifi-
cant PCA axis, so the first principal component was also 
included in the biplot, despite being non-significant.

Bioassays to determine microbial community effects 
on allelopathic potential

A standardized germination bioassay was employed to 
determine the effects of each soil microbial community on 
the allelopathic potential of each of the four focal plant spe-
cies following the methods of Butcko and Jensen (2002). 
For each focal species, dried leaves from all replicates of 
the greenhouse experiment were pooled by species and soil 
community. Extracts were made from 12.5 g of dried leaf 
tissue in 500 mL of deionized water. This ratio of biomass 
to water generates plant extracts that affect germination of 
target species and allows for differentiation among allelo-
pathic species (Butcko and Jensen 2002; Pisula and Mein-
ers 2010b). Leaves were kept whole to prevent the release 
of compounds that may not be released under natural cir-
cumstances (Inderjit and Dakshini 1995). The mixture was 
placed on a magnetic stirrer for 24 h at room temperature 
and strained through cheesecloth to remove particulates. 
This coarse extract preparation may allow some com-
pounds to break down, but is more representative of what 
would be naturally available than a solvent based extrac-
tion. Though root tissues may also be important local con-
tributors of allelochemicals, we focus on leaves here for 
their ease of collection and their larger spatial range of 
potential impact in communities.

Dilutions of each extract, ranging from 0 to 100% 
in 10% increments, were made. Filter paper was 

placed in 90-mm Petri plates with 20 seeds of radish 
(Raphanus sativus L. ‘Early Scarlet Globe’; Bay Farm 
Services, Inc., Bay City, MI, USA), which served as 
the target species in all trials. We used this species 
to evaluate allelopathic potential because it germi-
nates quickly, is commonly used in allelopathic stud-
ies, and is sensitive to allelopathic inhibition (Butcko 
and Jensen 2002; Pisula and Meiners 2010b). Previ-
ous work with Aster and Solidago has found germi-
nation rates too variable and slow for utility in such 
bioassays (Meiners, unpublished data). Five repli-
cates were run at each dilution for each focal species/
microbial community combination. Four mL of extract 
were added to each plate and incubated at 25 °C with 
a 12/12 h light/dark cycle. Petri plates were placed in 
plastic zip-lock bags to retain moisture during incu-
bation. The plates were removed after four days and 
germinated seeds counted.

Logistic modeling was used to measure the overall 
effect of plant extract concentration (continuous) and soil 
community identity (categorical) on germination in each 
focal species (SAS 9.1;SAS Institute Inc., Cary, NC). 
This analysis was followed by individual logistic regres-
sions of germination as a function of extract concentra-
tion for each species and each soil microbial community. 
Coefficients (β values) from these regressions were used 
to compare the relative strength of plant extracts from 
each soil community (Meiners 2014). Finally, all data 
were combined into a single logistic analysis to deter-
mine the influence of focal species relatedness on the 
impact of the microbial community. In this analysis, soil 
communities were categorized as self (same species), 
congener (different species, same genus), confamilial 
(both non-congeners) and sterile. Focal species identity 
was included to account for overall differences in allelo-
pathic activity among plants.

The bioassay approach is valuable because it allows 
for the uniform testing of multiple plant species, which 
may differ dramatically in the allelochemicals produced. 
This technique has also proven highly valuable because it 
can simultaneously compare relative allelopathic poten-
tial among plant species (Pisula and Meiners 2010b; 
Meiners 2014) as well as detect differences within spe-
cies in plants grown under different environmental condi-
tions (Ladwig et al. 2012). A drawback of this approach 
is that it does not account for any microbial processing of 
plant extracts and interactions that might occur following 
senescence when leaf material comes in contact with the 
soil matrix (Inderjit and Dakshini 1995; Gibson 2002). 
Because our focus was on detecting within- and between-
species variation, we chose the bioassay approach to 
quantify allelopathic potential and to isolate the effects of 
plant growing conditions.
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Results

Soil microbial communities caused substantial 
and species‑specific changes in leaf chemistry

HPLC analysis of leaf extracts resulted in chemical fin-
gerprints that ranged from 49 to 91 separate metabolites 
(peaks) for each species. In support of our first hypoth-
esis, inoculating experimentally generated microbial 
communities into the soil caused significant changes 
in the chemical fingerprints of leaves for all four spe-
cies. PCA analyses of plant metabolite compositions 
resulted in four to six informative axes that explained 
48–58% of the variation in chemical composition of the 
leaf extracts of each focal plant. Based on these PCA 
scores, our results demonstrate unequivocally that leaf 
metabolites differed significantly across soil commu-
nities for all four focal plant species (MANOVAs—
Table 1; Fig. 1).

While experimental manipulation of microbial com-
munities caused tremendous variation in the leaf metabo-
lite fingerprints of our focal species (Electronic supple-
mentary material), the relationships among microbial 
communities also varied in a species-specific manner. 
With the exception of A. pilosus, sterile soils produced 
a leaf metabolite fingerprint similar to those produced 
in self soil. Aster pilosus leaf metabolites from self soil 
clustered with A. novae-angliae and S. canadensis, and 
were distinct from plants grown in sterile soils or with 
microbes from S. rugosa. Similarity of leaf metabolite 
fingerprints from self soil to other microbial communi-
ties also varied among species. For example, metabolite 
fingerprints of A. novae-angliae were similar in all soil 
communities except those from plants grown with S. 
canadensis microbes. In contrast, the metabolite compo-
sition of S. rugosa was similar for all heterospecific soil 

communities. Overall, each microbial community caused 
substantial changes in leaf metabolite composition and 
this varied strongly among our focal species (Fig. 1).

Changes in the metabolite fingerprints of leaves can 
come about in two ways, through changes in the relative 
abundances of chemicals or through changes in the iden-
tities of the chemicals produced. Similarity of metabolite 
composition across microbial inoculants for each focal 
plant species averaged 70.4% based on presence–absence 
data, but only 51.3% when relative abundances (area of 
each HPLC peak) of metabolites were included. This sug-
gests that microbial-induced variation in metabolite com-
position was primarily driven by changes in the amount 
of each metabolite rather than the identities of metabolites 
produced.

Soil microbial communities influenced allelopathic 
potential

The degree to which plant extracts inhibited germination 
was entirely dependent upon the experimentally created 
soil microbial communities. Overall, plant extracts inhib-
ited germination by as much as 80% (range 25–80%). As 
hypothesized, microbial community identity caused sub-
stantial variation in the allelopathic potential of focal spe-
cies by generating large intraspecific variation in the degree 
that plant extracts inhibited target plant germination (Fig. 2; 
Table 2). Similar to the variation seen in leaf metabolite 
production, species varied greatly with respect to which 
microbial community produced the greatest allelopathic 
potential (Table 3). In A. novae-angliae and S. canadensis, 
sterile soils produced plants with the greatest allelopathic 
activity. In contrast, A. pilosus and S. rugosa had the great-
est allelopathic potential when grown in microbial com-
munities from A. novae-angliae. The lowest allelopathic 
potential occurred in a different microbial community for 

Table 1  Effects of microbial community identity on leaf metabolite composition

Number of useful axes and percentage variation explained come from a principal component analysis based on the composition of peaks (leaf 
metabolites) isolated with HPLC. PCA axis scores were then used in a MANOVA, followed by univariate ANOVAs of each PCA axis to identify 
whether leaf chemistry varied among soil microbial communities (MANOVA) and to identify which axes varied (P values from univariate ANO-
VAs). Both the MANOVA and at least one PCA axis varied significantly with the identity of the soil microbial community in each focal species

Species Peaks PCA axes % variation explained Pillai’s trace F (df) MANOVA P Significant PCA axes

Aster pilosus 49 5 50.9 2.40
(20,112)

0.0002 PC 1: P = 0.0280
PC 3: P = 0.0002

Aster novae-angliae 55 5 58.9 2.68
(20,116)

0.0005 PC 2: P = 0.0096
PC 4: P = 0.0089

Solidago canadensis 91 6 56.8 2.22
(24,104)

0.0030 PC 3: P = 0.0222
PC 5: P = 0.0210

Solidago rugosa 84 4 48.1 1.86
(16, 96)

0.0341 PC 2: P = 0.0001
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each focal plant species, demonstrating unequivocally that 
allelopathic potential is not only highly species specific, but 
also specific to the soil microbial community focal plants 
were treated with.

The relationship of the soil community to the target 
plant mediated the strength of microbial feedbacks 
on allelopathy

In addition to the species- and inoculum-specific nature 
of the plant-microbial community interactions described 
above, more consistent patterns in allelopathic potential 
emerged when microbial communities were aggregated 
based on relatedness to the focal plant (Fig. 3). Because the 
focal species differed in their baseline allelopathic poten-
tials, controlling for these differences was necessary in the 
pooled analysis (Table 4). After accounting for differences 
in focal species, there was significant variation in allelo-
pathic potential associated with the focal plants relatedness 
to the plant that generated the soil microbial community. 
As an overall baseline, soil microbes reduced allelopathic 

potential because plants grown with sterilized soil inocula 
generally produced the greatest allelopathic activity relative 
to all live inocula. Within live soil inocula, plants grown 
with the most closely related microbial communities, that 
is conspecifics, had the lowest allelopathic potential. In 
contrast, both heterospecific soil microbial communities, 
congeners and confamilials, had greater allelopathic poten-
tials that were intermediate between self and sterile soil 
inocula. However, there was no difference in allelopathic 
potential between plants inoculated with the more closely 
related congener microbial communities and those inocu-
lated with the less related confamilials.

Discussion

We found strong support for two of our hypotheses and 
limited support for a third. Specifically, experimentally 
cultured soil microbial communities caused substantial 
changes in leaf chemistry and the strength of this feedback 
varied strongly among coexisting plant species. Variation 

Fig. 1  Effect of microbial 
community identity on the 
metabolite fingerprint of Aster 
and Solidago species. Data 
plotted are mean ± SE for two 
PCA axes selected for their 
ability to distinguish among soil 
communities (Table 1). Sample 
sizes are seven per species/soil 
combination with the exception 
ASPI in Self soil; SOCA in 
SORU and Sterile; and SORU 
in ASNE, SOCA and Sterile, 
which had six replicates. Only 
four replicates were available 
for SORU in self soil. Soil com-
munities are abbreviated by the 
first two letters of the genus and 
species
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occurred to a lesser degree with the relationship of the plant 
to the soil microbial community. While soil microbes have 
been shown to affect leaf chemistry previously (Badri et al. 

2013; Giron et al. 2013; Kos et al. 2015a; Schweiger and 
Müller 2015), our results demonstrate for the first time, to 
our knowledge, that different soil communities can influ-
ence allelopathic potential. Though we focused on a group 
of plants (Asteraceae) known to have high allelopathic 
activity (Chon and Nelson 2010; Kim and Lee 2011, 
Uesugi and Kessler 2013), we see no reason that microbial 
influences on allelopathic potential should not be a general 
phenomenon.

Our results suggest that there may be ongoing reciprocal 
feedbacks whereby soil microbial communities alter leaf 
chemistry, which upon plant inputs to soil (litter, root turn-
over, exudates) simultaneously alter microbial communi-
ties and plant–plant interactions at the scale of plant neigh-
borhoods. While speculative, we suggest that such fine 
scale spatial dynamics occurring in the soil could create 
extremely patchy habitats where some species are favored 
over others, based upon these species-specific reciprocal 
feedbacks and their influence on competitive dynamics 
(Pendergast et al. 2013) and allelopathic interactions. If so, 
this suggests the potential for a fairly cryptic axis of niche 
differentiation at very small spatial scales premised upon 
species-specific plant–microbe interactions (Griffin et al. 
2016). Regardless, these types of ongoing reciprocal feed-
backs remain poorly explored in plant community ecology.

One of our key findings is that experimentally created 
variation in microbial communities caused substantive 

Fig. 2  Bioassay results for Aster and Solidago species grown with 
differing soil microbial communities. Plots are model predictions 
from logistic regressions of Raphanus sativus germination as a func-

tion of extract concentration from each focal species. The sterile soil 
is represented by the solid line (as a reference) in all of the panels. 
Statistical analysis of these patterns presented in Table 2

Table 2  The influence of soil microbial community identity on ger-
mination responses to leaf extracts from four old-field plant species

Analyses are separate logistic analyses conducted for each focal spe-
cies. Total sample size was 1100 potentially germinating seeds per 
species

Source df Wald χ2 P

Aster pilosus

 Extract Concentration 1 601.7 <0.0001

 Soil microbial identity 4 24.0 <0.0001

 Concentration × soil 4 34.6 <0.0001

Aster novae-angliae

 Concentration 1 581.0 <0.0001

 Soil microbial identity 4 14.5 0.0060

 Concentration × soil 4 10.0 0.0407

Solidago canadensis

 Concentration 1 959.1 <0.0001

 Soil microbial identity 4 11.6 0.0207

 Concentration × soil 4 36.0 <0.0001

Solidago rugosa

 Concentration 1 888.6 <0.0001

 Soil microbial identity 4 14.3 0.0064

 Concentration × soil 4 32.0 <0.0001
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changes in leaf metabolite composition in all focal species. 
This confirms that local soil microbes can induce important 
chemical changes in leaves among long-lived and co-occur-
ring plant species (see also Moore et al. 2003; Giron et al. 
2013; Kos et al. 2015a). The changes in the leaves were 
sufficient to cause substantial differences in the degree that 
these leaves were allelopathic as determined by our bioas-
says. Microbes are known to change other aspects of plant 
phenotypes (Friesen et al. 2011; Griffin and Carson 2015; 
Hardoim et al. 2015) that may have contributed indirectly 
to the differences in allelopathy that we observed. Indeed, 
the composition of S. canadensis leaf metabolite finger-
prints from plants grown in sterile and self soil were quite 
similar, yet the allelopathic potential of leaves from sterile 

inocula was much greater. This suggests that the microbes 
were altering plant chemistry in ways other than just those 
responsible for allelopathic interactions, but only further 
research that identifies the role of individual chemical con-
stituents can parse this out.

Plants grown in the absence of a live microbial com-
munity had greater allelopathic potential, suggesting that 
interactions with soil microbes cause plants to reduce alle-
lochemical production. Mechanistically, this reduced pro-
duction could be the result of carbon allocation to defend-
ing against pathogens, reduced soil resource uptake, or an 
overall reduction in plant performance (e.g., Bennett et al. 
2015). However, there were some cases (25% of all tested) 
where plants grown with specific soil communities had sig-
nificantly greater allelopathic potential than the sterile con-
trols. This occurred when A. pilosus was grown in soil from 
A. novae-angliae and S. rugosa was grown in soil with any 
microbial community other than its own. These instances 
appear to represent the induction of allelochemical 

Table 3  Changes in the 
allelopathic potential of focal 
plants in response to individual 
soil microbial communities

Regression coefficients (and P values) from individual logistic regressions for each species-soil microbe 
combination. Values in bold were significantly different from the sterile soil inoculum. In all species other 
than S. rugosa, the presence of soil microbes reduced the allelopathic inhibition relative to the sterile soil

Microbial community Focal species

Aster novae-angliae Aster pilosus Solidago canadensis Solidago rugosa

Aster novae-angliae −0.0383
(0.003)

−0.050
(0.004)

−0.030
(0.003)

−0.056
(0.003)

Aster pilosus −0.0300
(0.003)

−0.024
(0.003)

−0.048
(0.003)

−0.053
(0.004)

Solidago canadensis −0.0318
(0.004)

−0.034
(0.003)

−0.037
(0.003)

−0.044
(0.003)

Solidago rugosa −0.0404
(0.004)

−0.041
(0.004)

−0.034
(0.003)

−0.035
(0.003)

Sterile −0.0407
(0.003)

−0.041
(0.004)

−0.048
(0.003)

−0.038
(0.003)

Fig. 3  Effect of relatedness to the soil microbial community on the 
allelopathic potential expressed by Aster and Solidago species. Soil-
species combinations are pooled into four groups—sterile soils, self 
soil, congener soil (same genus, other species), and confamilial (both 
species from the other genus). Plots are model predictions from logis-
tic regressions of germination as a function of extract concentration 
(see Table 4 for analysis details)

Table 4  The influence of relatedness of soil microbial community 
source to the focal species on germination responses to plant extracts

Soil communities were categorized as self (same species), congener 
(different species, same genus), confamilial (both non-congeners), 
and sterile. Focal species was included to account for overall differ-
ences in allelopathic activity among plants. Total sample size was 
1100 potentially germinating seeds per species. The analyses revealed 
that soil communities induced significant changes in the allelopathic 
potential of plants and that these differences increased with extract 
concentration

Source df Wald χ2 P

Focal species 3 447.5 <0.0001

Extract concentration 1 2828.6 <0.0001

Soil community 3 10.1 <0.0175

Community × concentration 3 13.1 0.0043
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production via a microbial interaction. Based on these data, 
soil microbes may be functioning as signals of the local 
competitive environment (Bais et al. 2004) that result in the 
alteration of allelopathic interactions.

Overall, the contrasting microbial communities created 
leaf metabolite fingerprints and allelopathic potentials that 
varied substantially depending upon plant species, whether 
they were grown with their own microbial community, a 
sterile community, or the microbial community cultured 
by a heterospecific. This means that microbe–plant interac-
tions will likely occur at the scale of local plant neighbor-
hoods, creating a potentially pervasive source of important 
heterogeneity in plant–plant interactions. Given the degree 
to which microbes can change leaf chemistry, this would 
likely cascade up to alter insect damage (Barbosa et al. 
1991; Biere and Bennett 2013; Giron et al. 2013; Schittko 
and Wurst 2014), and cascade down to effect brown food 
webs (e.g., rates of decomposition, Inderjit et al. 2011).

There was limited support for the hypothesis that the 
relationship of the focal plant to the species that gener-
ated the microbial community should affect the strength 
of feedbacks. Leaf metabolite fingerprints were largely 
similar between sterile and self soils, suggesting that the 
presence of a species’ own microbial community may not 
induce changes in leaf metabolites, representing some 
level of self-recognition (Kigathi et al. 2013) relative to the 
microbial communities of other species. In contrast, all het-
erospecific combinations generated statistically equivalent 
allelopathic potentials in pooled data, so variation beyond 
self soil was not related to the strength of feedback in this 
system. Though the soil microbial communities were over-
all distinct among all focal species (Pendergast et al. 2013), 
the initial bacterial and AM fungal communities were 
more similar between Solidago species than the Aster spe-
cies. More similar microbial communities did not gener-
ate similarity in the allelopathy bioassays, suggesting that 
the chemical responses may be to specific microbial con-
stituents rather than overall microbial community similar-
ity. Within the Asteraceae, Aster and Solidago are closely 
related. While this allowed us to focus on commonly co-
occurring plants known to be allelopathic with likely simi-
lar chemical fingerprints, it represents a narrow phyloge-
netic distance to fully evaluate how relatedness mitigates 
microbial feedbacks on allelopathy. As plant-soil feedbacks 
may have a strong phylogenetic signal across a broader 
range of species (Anacker et al. 2014), studies that include 
multiple families may reveal a much stronger phylogenetic 
signal in feedbacks on allelopathy.

The patterns documented here are based on relatively 
simplistic germination bioassays and analyses of chemical 
constituents of a suite of plant species whose allelochemicals 

have not been well characterized (Chon and Nelson 2010). 
The usage of R. sativus as a model target species in the 
germination bioassays allowed separation of plants grown 
under different microbial conditions, but lacks an appropri-
ate ecological context to allow full translation to a field set-
ting. Plant species often vary dramatically in their response 
to allelochemicals, so we would expect variation in species’ 
responses in natural communities that must be addressed in 
future work. Similarly, we were not able to quantify individ-
ual chemical responses to the soil microbial context and their 
contribution to allelopathic impacts. Regardless, we think 
that the analyses presented argue strongly for detailed analy-
ses of better characterized allelopathic model plants under 
ecologically realistic settings. This approach will be neces-
sary to fully assess the ecological importance of microbial 
influence on allelopathic interactions.

The microbially influenced allelopathic interactions 
that we documented represent another mechanism by 
which plant–microbe interactions can shape plant com-
munity structure. Specificity in plant–microbe interac-
tions appears common (Klironomos 2002; Kardol et al. 
2006; Busby et al. 2011; Pendergast et al. 2013), sug-
gesting that microbial mediation of allelochemicals will 
likely be common and also species and context depend-
ent. While conditionality makes the importance of allel-
opathy in plant communities difficult to judge, it is 
consistent with the complexity and context dependence 
exhibited by many ecological interactions (Meiners et al. 
2012). Therefore, it should not be surprising to find simi-
lar processes operating within allelopathic interactions. 
While it will be difficult to separate microbially mediated 
competitive effects from microbially influenced changes 
in allelopathic effects (Inderjit and del Moral 1997), our 
results suggest that this may be an important pathway 
in understanding plant–plant interactions that should be 
more fully explored. The context dependency of plant–
soil interactions (Kardol et al. 2013), and their potential 
to cascade throughout systems represents a hidden, and 
potentially critical source of heterogeneity in species 
interactions.
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